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: :! _::i! • posited and carbon ion-implanted, coarse-grain diamond films. The plasmon loss structure of the Cls peak of as-deposited and carbon ion-implanted diamond films indicated that carbon ion implantation decreased the sp3/sp 2 ratio of carbon bonds at the surface [17] . Furthermore, the carbon ion-implanted diamond films were more conductive than the as-deposited diamond films during analysis, indicating that carbon ion implantation alters the normally insulating diamond surface to a conductive carbon surface.
Crystal structure
X-ray diffraction data reveled that although most of the crystallites in the as-deposited, fine-grain diamond films were oriented along (110) planes, those of the as-deposited, coarse-grain diamond films were oriented along (111) planes [10, 11] . The well-formed triangular facets of the coarse-grain diamond films observed in SEM photomicrographs (e.g. Fig. 2 ) confirm the <111) orientation.
Friction and wear characteristics
In the three environments, humid air, dry nitrogen, and ultrahigh vacuum, the bulk diamond pin tended to produce a wear track (groove) on both as-deposited and carbon ion-implanted diamond films (e.g. Fig. 6 ). Abrasion or adhesion interaction, or the combination of both, occurred during sliding action. 
As-deposited diamond films
I. 1. Friction in humid air and in dry nitrogen
In humid air and in dry nitrogen, abrasion occurred and dominated the friction and wear behavior [10, 11, 15] . The bulk diamond pin tended to dig into the surface of diamond films during sliding and produce a wear track (groove). Fig. 7(b) ); this result showed that the equilibrium coefficient of friction at 30 000 passes was independent of the initial surface roughness of the diamond films.
Friction in ultrahigh vacuum
In ultrahigh vacuum, as in humid air and in dry nitrogen, the bulk diamond pin produced a wear track (e.g. Fig. 6 ). Both abrasion and adhesion occurred during sliding action, but adhesion dominated the friction and wear behavior.
Generally, the coefficient of friction increased with an increase in the number of passes, reaching an equilibrium value after a certain number of passes in ultrahigh vacuum [10] . This trend in friction behavior is just the opposite of that in humid air and in dry nitrogen. The initial surface roughness of the as-deposited diamond film had no effect on friction, as presented in Fig.   8 . 
Ion -implanted diamond films
I. Friction and wear in humid air and in dry nitrogen
The effect of carbon ion implantation on the coefficients of friction in humid air and in dry nitrogen was small. The coefficients of friction were low, around 0.1.
Although
the wear rates of the ion-implanted diamond films were higher than those of the as-deposited diamond films, they were on the order of 10 -7 mm 3 N-1 m-a, which were at an acceptable level of wear resistance for tribological applications,
3•2.2. Friction and wear in ultrahigh vacuum
The effects of carbon ion implantation on the friction and wear behavior in ultrahigh vacuum were twofold: (1) a reduction in the coefficient of friction and (2) a decrease in the wear rate. The coefficient of friction obtained for the carbon ion-implanted, fine-grain diamond films were less than 0.1, which were lower than those obtained for the as-deposited, fine-grain diamond films by factors of 20 to 30 (e.g., Fig. 10 (a) ). Likewise, the coefficients of friction obtained for the carbon ion-implanted, coarse-grain diamond films were approximately 0.35, which were lower than those obtained for the as-deposited diamond films by a factor of 5 ( Fig. 10 (b) ).
The average wear rates for the carbon ion-implanted, fine-grain diamond films were on the order of 10-6 mm 3 N -1 m-l, which were lower than those obtained for the as-deposited, fine-grain diamond films by factors of 30 to 60 (Fig. 11) . Similarly, the average wear rates for the carbon ion-implanted, coarse-grain diamond films were on the order of 10 -6 mm 3 N-_ m -1, which were Materials Science and Engineering A209 (1996) (1) plowing between the surface asperities and the diamond pin, and (2) adhesion at the frictional junction, which is relatively low because the nondiamond carbon surface layer produced by carbon ion implantation has a low shear strength.
Mechanisms of wear
The generally accepted mechanism of wear for diamond is that of small fragments chipping off the surface [8, 12, 21, 24] , which is in agreement with the SEM observations of the diamond films and their wear debris particles (e.g. Fig. 12 
Summary of properties of diamond films
The physical properties of the as-deposited and ionimplanted diamond films are summarized in Table I .
The carbon ion-implantation process using an accelerating energy of 60 keV and a dose of 1.2 x 1017 carbon ions per cm 2 changes the surface chemistry of the microwave-plasma-vapor-deposited, fine-and coarsegrain diamond films and causes structural damage to the diamond lattice. As a result, a thin layer of amorphous, nondiamond carbon is produced in the near surface region of the fine-and coarse-grain diamond films.
For comparison, the coefficients of friction and wear rates of the as-deposited and ion-implanted, fine-and coarse-grain diamond films are summarized in Table 2 .
Conclusions
From the results of characterization and sliding friction experiments on as-deposited and carbon "ionimplanted, fine-and coarse-grain diamond films in ultrahigh vacuum, the following conclusions were drawn.
(1) The as-deposited, fine-grain diamond films can be effectively used as wear-resistant, self-lubricating coatings in humid air and in dry nitrogen, but they have a high coefficient of friction (> 1) and wear rate (10 4 mm 3 N-1 m _) in ultrahigh vacuum. 
